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efficient in terms of reducing electron recombination in QDSCs in this work. It has been found that the solar cell efficiency was improved from 1.86% for ZnSe0 (without coating) to 3.99% using 2 layers of ZnSe coating (ZnSe2) deposited by successive ionic layer adsorption and reaction (SILAR) method. The short circuit current density (J sc ) increased nearly one fold (from 7.25 mA/cm 2 to13.4 mA/cm 2 ) and the open circuit voltage (V oc ) was enhanced by 100 mV using ZnSe2 passivation layer compared to ZnSe0. Studies on the light harvesting efficiency (η LHE ) and the absorbed photon-to-current conversion efficiency (APCE) have revealed that the ZnSe coating layer caused the enhanced η LHE at wavelength beyond 500 nm and a significant increase of the APCE over the spectrum of 400-550 nm. A nearly 100% APCE was obtained with ZnSe2, indicating the excellent charge injection and collection process in the device. The investigation on charge transport and recombination of the device has indicated that the enhanced electron collection efficiency and reduced electron recombination should be responsible for the improved J sc and V oc of the QDSCs. The effective electron lifetime of the device with ZnSe2 was nearly 6 times higher than ZnSe0 while the electron diffusion coefficient was largely unaffected by the coating. Study on the regeneration of QDs after photo-induced excitation has indicated that the hole transport from QDs to the reduced species (S 2- ) in electrolyte was very efficient even the QDs were coated with a thick ZnSe shell (three layers). For comparison, ZnS coated CdS/CdSesensitized solar cell with optimum shell thickness was also fabricated, which generated a lower energy conversion efficiency (η = 3.43%) than ZnSe-based QDSC counterpart due to a lower V oc and FF. This study suggests that ZnSe may be a more efficient passivation layer than ZnS attributed to the type II energy band alignment of the core (CdS/CdSe quantum dots) and passivation shell (ZnSe) structure, leading to more efficient electron-hole separation and slower electron recombination.
Introduction
Quantum dots-sensitized solar cells (QDSC) are devices which adopt a similar device structure with traditional dye-sensitized solar cells (DSSC) but using semiconductor quantum dots (QDs)
as light absorbing material. Generally speaking, QDSC consist of QDs coated TiO 2 based mesoporous film as photoanode, a liquid electrolyte containing S 2-/S n 2-based redox couple, and a counter electrode. QDs are particles with sizes less than the Bohr radius for that material. Due to quantum confinement, QDs possess unique optical and electronic properties such as particle sizedependent energy band gap and optical properties as well as multiple exciton generation. [1] [2] [3] [4] The light absorption coefficient of QDs is normally in the order of 10 5 cm -1 , [5] [6] which is ten times higher than the light absorption of the well-known light absorber based on ruthenium-complex dye. In addition, the dipole property of QDs is also believed to benefit the interfacial charge separation process in QDs solar cells. Because of these merits, it is predicated that the theoretical solar energy conversion efficiency of QDs-based solar cells is around 44%, 7 which is much higher than the Shockley-Queisser energy conversion limit for a single junction solar cell (31-33%).
Materials based on CdS and CdSe are the most widely investigated semiconductor QDs for QDSC owing to their easy synthesis. 3, 8 CdS/CdSe QDs can be deposited on TiO 2 film by a method called successive ionic layer adsorption and reaction method (SILAR). In this method, a Although many efforts have been made in the past, the performance of QDSC still significantly lags behind that of DSSC due to a more serious charge recombination process and lower QDs coverage in the photoanode. So far, the best efficiency with DSSC is 13% while the performance of champion QDSC is around 7%. [10] [11] Thus, an in-depth understanding of the parameters that govern the performance of QDSC is important for developing new strategies for improving the device performance.
Similar to DSSC, the performance of a QDSC is controlled by the competition between the desirable process of photo-induced electron generation and subsequent electron injection and collection and the process of electron recombination. [12] [13] [14] However, compared to DSSC, QDSC suffer a much more complex electron recombination process. [15] [16] Besides the charge recombination with oxidized species in liquid electrolyte which is normally the main recombination route in DSSC, the charge recombination process in QDSC also includes the recombination of photogenerated electron with hole of QDs and with oxidized species of the electrolyte before electron injection; and after electron injection, the back reaction of the injected electron at the conduction band of TiO 2 with hole of QDs and with surface defects of TiO 2 .
These processes are much more serious than those in traditional DSSC. As a consequence, both the electron injection efficiency and electron collection efficiency of QDSCs are generally lower compared to DSSCs. 7, 15, [17] [18] In addition, Zhu et al have reported that Auger recombination in QDs due to surface charging by ploysulfide electrolyte can also impede the charge transfer from QDs to TiO 2 , resulting in reduced charge injection efficiency. 19 Besides device performance, stability is another important issue related with QDSCs. Due to their extremely small particle size, QDs normally possess a much higher density of surface defects in the form of dangling bonds. Under illumination, free radicals generated by the dangling bond can interact with species such as oxygen, resulting in oxidization of QDs.
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To address above issues, researchers have developed a strategy based on surface coating CdS or
CdSe QDs with a passivation shell layer of large bandgap material such as ZnS to protect QDs from photodegradation and to reduce recombination in QDs. [20] [21] [22] Compared to CdSe and CdS, ZnS has a more negative minimum conduction band edge (E cb ) and a more positive maximum valence band edge (E vb ), leading to a Type I energy alignment of the core/shell structure. In this structure, the energy barrier of the ZnS shell prevents the transport of both electron and hole from QDs to electron and hole acceptor species in the liquid electrolyte. As a consequence, although the electron back reaction from QDs to the electrolyte is suppressed, the hindrance of the desired hole transport from QDs to the electrolyte causes reduced charge separation in QDs. 22 Hence, a delicate control of the thickness of the shell passivation layer to ensure that the benefit from the reduced recombination surpasses the loss in charge separation is very critical for improving the performance of QDSCs.
Nevertheless, theoretically the negative impact of the passivation layer on charge separation in QDSC can be overcome using a type II core/shell energy alignment. In Type II core/shell structure, both the E cb and E vb of the shell material are higher than those of the core material.
Hence, the transport of hole from QDs core to the shell material is energetically favorable while the transport of electron from QDs to the shell is blocked. As a consequence, an efficient charge separation and reduced electron recombination can be achieved. Through material screening, we have found that ZnSe is one of such suitable passivation materials for CdSe/CdS QDs to form a type II core-shell structure. The schemes showing the structure of the photoanode of the QDSC and the energy band alignment of the materials involved in the photoanode are illustrated in Figure 1 (a, b). As illustrated in Fig. 1 (b) , the E vb of ZnSe is higher than that of both CdS and ) of the liquid electrolyte was still very efficient even with thick ZnSe coating (3 layers), suggesting a high charge separation process.
Experimental

Fabrication of CdS/CdSe sensitized TiO 2 film
All the chemicals used in this work were purchased from Sigma Aldrich unless otherwise stated.
A TiO 2 compact layer was deposited on a clean fluorine doped tin-oxide (FTO, TEC15, 2.2 mm thickness, Pilkington) glass substrate by spray pyrolysis according to the procedure reported previously. [29] [30] After that, a layer of TiO 2 film was deposited by doctor-blading using a commercial paste (Dyesol DSL, 18NR-T). The films were allowed to relax in air for a couple of minutes and dried on a hotplate at 100°C for 10 minutes before being sintered at 500°C for 30 minutes to remove all organic materials to form a mesoporous structure. The thickness of the film was around 12 µm and the average TiO 2 particle size was around 20 nm.
The procedure for deposition of CdSe and CdS nanocrystals on the TiO 2 film by successive ionic layer adsorption and reaction (SILAR) was reported previously. were used in this work, which produced CdSe QDs with average particle size around 3. The ZnS coating layer with optimum thickness (2 SILAR deposition layers, ZnS2)) was prepared using 0. 
Material and device characterization
The light absorbance and transmittance of the CdS/CdSe co-sensitized TiO 2 films with different was recorded using an electrochemical workstation (VersaSTAT3) after switching off the light source which was provided by a light emitting diode (LED, 627 nm). 14 The stepped light-induced measurement of photocurrent and photovoltage (SLIM-PCV) was used to determine the effective electron lifetime (τ n ) and electron diffusion coefficient (D n ) of the solar cell. 33 The measurement was performed using a freshly prepared device and using a 635 nm diode laser as the light source. The J sc or V oc decays were obtained at different laser intensity recorded by a multimeter (ADCMT 7461A). For electron lifetime measurement, the laser intensity was stepped down to provide a small voltage change (less than 1 mV). For D n measurement, the laser intensity was stepped down to obtain less than 10% change in the photocurrent. The electron density (n t ) in the photoanode film was determined by charge extraction method using a nanosecond switch (AsamaLab). 34 To enhance the signal of the measurement, the photoanode with thickness of TiO 2 film around 7.0 μm was used in the SLIM-PCV measurement. 18 Similar consideration was also used in this work. The TA signals were averaged using 512 laser pulses at 1 Hz by picking only one pulse per every ten using a laser shutter controlled by a digital delay generator (DG535, Stanford
Transient absorption spectroscopy (TAS)
Research). The time resolution of the setup was around 100 ns.
Results and Discussion
Solar cell performance
The performance of the solar cells with different ZnSe shell layer on CdS/CdSe/TiO 2 film is shown in Figure 2 . One striking feature that can be seen in Figure 2 (a) is that, compared to the cell without coating (ZnSe0), the photocurrent density of the cell with ZnSe coating is much higher, a phenomenon normally observed in QDSC using passivation layer. 21, [35] [36] The shortcircuit current density (J sc ) of the solar cell increases with the increase of the coating layer up to 2 (ZnSe2). The J sc increases significantly from 7.25 mA/cm 2 for ZnSe0 to 10.6 mA/cm 2 for
ZnSe1. And a further increase of J sc is obtained with ZnSe2 with J sc = 13.4 mA/cm 2 . In the meantime, the V oc of the cell is enhanced with ZnSe coating until ZnSe2 which produced a 100 mV higher V oc compared to that of ZnSe0. As a consequence, the conversion efficiency of the solar cell is increased over one fold from 1.86% for ZnSe0 to 3.99% for ZnSe2. Nevertheless, further increase of the thickness of shell layer to ZnSe3 leads to the decrease of both the J sc and V oc of the solar cell. The characteristic parameters for the performance of the solar cells are summarized in Table 1 . The plots of incident photon-to-current conversion efficiency (IPCE) of the corresponding cells are shown in Figure 2 (b). It is known that J sc of a solar cell is the integration of IPCE over the solar spectrum of interest. As expected, the IPCE shows the trend of ZnSe0 < ZnSe1 < ZnSe3 < ZnSe2, which is consistent with the variation of J sc of corresponding cells. It is noticed that the QDSC with ZnSe coating show much higher IPCE in the spectral wavelength range from 400 to 600 nm. Especially, the IPCE for ZnSe2 is over 80% in the spectral wavelength range of 420-600 nm, indicating the excellent energy conversion efficiency. Nevertheless, the IPCE drops significantly at the wavelength beyond 600 nm for all the devices, which is mainly due to the decreased light absorption as indicated by the light absorption spectrum of the corresponding photoanode for these devices in Fig. 3(a) . The light absorption spectrum of the CdS/CdSe/TiO 2 photoanode with different ZnSe coating layer (Figure 3(a) ) reveals that the light absorption of all the photoanode with ZnSe coating is close to unity at the spectral wavelength below 550 nm. For the film without ZnSe coating, a nearly 100% light absorption is obtained in the wavelength range between 400-500 nm. The light absorption of the photoanodes decreases at the wavelength beyond 550 nm. However, the extent of the decrease is different, leading to higher light absorption obtained with the photoanode with thicker ZnSe coating compared to the film with thinner shell layer.
APCE IPCE
IPCE of a QDSC depends on three parameters according to Eq1: 1) light harvesting efficiency (η LHE ); 2) electron injection efficiency (η inj ); and 3) electron collection efficiency (η coll ). In order to find out which parameter(s) is responsible for the change of J sc , the η LHE of the device with different ZnSe coating layer was determined by measuring the light absorption coefficient (α) and the thickness (d) of the sensitized TiO 2 film (LHE = 1-exp(-αd)) according to the method reported previously . [37] [38] The light absorption coefficient was determined by ) ln( 1 Figure 3(b) . Apparently, the trend of η LHE is consistent with the variation of the light absorption of the photoanode with different ZnSe coating layer. However, as mentioned above, the light scattering of QDs particles was not considered in the calculation of η LHE . Nevertheless, as shown in Figure 3 (c), all the photoanodes show significant light reflectance at spectral wavelength beyond 550 nm. Because of this, the calculated η LHE may not be reliable in the longer spectral wavelength over 550 nm. Therefore, the following discussion on the η LHE and APCE of the cells is only focus on the results in the spectral wavelength range of 400-550 nm where the light reflectance is weak and negligible although the results in the whole wavelength (400-700 nm) are shown.
As can be seen in Figure 3(b) , the η LHE of all the CdSe/CdS QDs coated TiO 2 film is close to 100% at the spectral wavelength below 500 nm regardless whether a ZnSe coating was used or not, consistent with the strong light absorption of the CdS/CdSe QDs. The result also suggests that the contribution of ZnSe shell to the light absorption of the photoanode is very small at shorter wavelength. In contrast, the contribution of ZnSe passivation layer to the light absorption and the η LHE of the photoanode is clearly seen at the wavelength beyond 500 nm. The η LHE increases with the increase of the coating layer. Theoretically, the energy bandgap of bulk ZnSe is around 2.7 eV, which is very unlikely to contribute the light absorption of the CdS/CdSe/TiO 2 photoanode at wavelength longer than 460 nm. Therefore, the enhanced light absorption at longer wavelength is probably due to the interaction between ZnSe shell and CdS/CdSe QDs because of partial overlap of the exciton wave function of the core (CdSe/CdS) and shell (ZnSe) materials. 39 Similar phenomenon for improved IPCE was also observed in ZnS coated CdSe QDs solar cells. The absorbed photon-to-current conversion efficiency (APCE) which is the product of η inj and η coll according to Eq1 is shown in Figure 3 η inj of the QDSC is driven by the energy offset (E offset ) between the E cb of CdS and CdSe quantum dots and the E cb of bulk TiO 2 . As illustrated in Figure 1(b) , the theoretical E cb of bulk CdSe and CdS is over 200 mV higher that of TiO 2 and this value should be even higher due to quantum confinement of CdS and CdSe QDs, which leads to upshift of the E cb of the materials.
Hence, the E offset should be sufficient to drive the transfer of electron from CdS and CdSe to 29 As shown in Figure 4 (a), except ZnSe1 which shows a bit higher V oc than the other cell at a constant electron density, the difference in voltage between ZnSe0, ZnSe2 and ZnSe3 is less than 20 mV. Therefore, the influence of ZnSe coating on the conduction band of the CdS/CdSe/TiO 2 film is indeed very small and should not significantly affect the energy driving force for the electron injection from CdSe/CdS QDs to TiO 2 and the V oc of the device.
The efficient electron injection process of the CdS/CdSe solar cells with ZnSe coating is reflected by the very high APCE for the device with ZnSe2. The APCE is over 90% at the wavelength beyond 450 nm. It suggests that the electron injection efficiency of the cell was probably close to 100% and is not the limiting factor for the device performance. However, for other cells, especially the cell without ZnSe coating, the η inj might not be as efficient as the one with coating due to possible electron recombination with polysulfide electrolyte.
The electron collection efficiency in a mesoporous TiO 2 film is governed by the competition between electron transport and electron recombination. It has been well accepted that the transport of electron in a mesoporous TiO 2 film is governed by a process of electron trapping/detrapping. 7, 13, 17, [42] [43] In this process, the free electron at the conduction band of TiO 2 falls in the trap states (defects) and then jump back to the conduction band of TiO 2 again if the electron has sufficient energy. The electron which falls in the deep trap states and fails to return to the conduction band of TiO 2 contributes to charge recombination. Due to the trapping/detrapping process, both the effective electron lifetime, τ n , and the effective electron diffusion coefficient, D n , in QDSC differ from the electron lifetime and diffusion coefficient of single crystal TiO 2 . 44 The electron diffusion length, L n , which is the product of D n and τ n (
), relative to the thickness of TiO 2 film determines the electron collection efficiency.
As shown in Figure 4(b) , the D n of the cell with different ZnSe coating layer are nearly identical, suggesting that the impact of ZnSe coating on D n is very small. This is just what is expected because the ZnSe nanocrystals mainly anchored on CdS/CdSe QDs rather than on TiO 2 particle.
Therefore, it should not affect the surface property of TiO 2 film.
In contrast to D n , the influence of ZnSe coating layer on τ n is more pronounced. As shown in Figure 4 (c), compared to the cell without coating (ZnSe0), the cell with ZnSe coating show a much higher τ n . A nearly 6-fold enhancement of τ n is obtained with ZnSe2. The improved τ n should be attributed to the suppression of charge recombination between photogenerated electrons from CdSe and CdS QDs with the oxidized species S n 2-in the electrolyte owing to the surface passivation by ZnSe shell and energy barrier provided by the shell. 45 However, τ n decreases slightly beyond two ZnSe coating layers. The study on the regeneration of cations of QDs with ZnSe3 by transient absorption spectroscopy has confirmed that hole transport in the device was not a problem ( Figure 7) , ruling out the possibility that the decreased electron lifetime is due to electron recombination in QDs. Hence, the reduced electron lifetime of the cell with ZnSe3 should be related with the increased electron recombination with the electrolyte due to a high density of hole at the ZnSe shell layer. Since the charge separation of type II core-shell alignment increases with the increase of shell thickness, [26] [27] it is reasonable to believe that the density of hole in the shell material and density of electron in the core and then in TiO 2 film increase with the shell thickness. The high density of hole in the shell can attract more negatively charged species in the liquid electrolyte including both S 2-and S n 2-in the TiO 2 film through static Given that D n is largely unaffected while τ n is significantly enhanced using ZnSe coating, it is expected that the electron diffusion length, L n , which is the square root of product of D n and τ n should follow the same trend with τ n , that is, ZnSe0 < ZnSe1< ZnSe3 < ZnSe2. This is in consistent with the change of J sc and APCE of the cells, explaining that the increase of APCE and J sc should be attributed to the enhanced charge collection efficiency.
Since the ZnSe coating has negligible influence on the E cb of CdS/CdSe sensitized TiO 2 film as shown above, hence we can also investigate the evolution of τ n by photovoltage decay. As illustrated in Figure 5 (a), a very rapid photovoltage decay is observed with ZnSe0. The V oc of the cell decays to nearly zero volt within 10 s in dark. In contrast, the decay is dramatically slowed down with ZnSe coating. The thicker is the coating layer, the slower the photovoltage decays.
For the cell with ZnSe3, a voltage of more than 50 mV is still noticeable even after 100s in dark, confirming the charge retention effect of the passivation layer in the photoanode through hindering electron recombination with S n 2-in the electrolyte. The τ n for the devices with different photovoltage decay behavior was then calculated according to Eq. 2 47 where k B and q are Boltzmann constant and elemental charge, respectively. As illustrated in Figure 5(b) , the τ n of the solar cell increases with the increase of ZnSe coating layer from ZnSe0 to ZnSe2, a trend consistent with the results in Figure 4(c) . Nevertheless, the highest τ n was obtained with ZnSe3 instead of ZnSe2 as shown in Figure 4 (c). This discrepancy is ascribed to the approach used to derive the electron lifetime from photovoltage decay.
According to Barnes et al, the ideality factor of the solar cell should be taken into account when deriving electron lifetime from photovoltge decay plot using Eq 2.
48 However, such factor was not considered in this work. In addition, the different thickness of the Where I inj is the flux of charge injected to TiO 2 film from the light absorber, k is the Boltzmann constant, and T is the absolute temperature, q is the elemental charge; n cb is density of electrons in the conduction band, k rb is the recombination reaction rate with the oxidized species in the electrolyte, which is inverse to τ n .
In the work, given that the parameters including T and [S n shown in Figure 7 . The TAS spectra were fitted according to a stretched exponential function as shown in Eq. 4 to 6. The detailed fitting parameters for both hole and electron are shown in Table 2 . As shown in Table 2 
Comparison of ZnSe with ZnS passivation coating
The CdS/CdSe QDSC with optimum ZnS coating layer (two SILAR layers) was also prepared to compare with the device with ZnSe2 passivation coating. The comparison of the J-V plots of the cells is shown in Figure 8(a) . Interestingly, the same J sc (13.4 mA/cm 2 ) was generated by both cells. However, compared to the cell with ZnSe2 coating, the device with ZnS coating has a slightly lower V oc and FF, leading to lower performance (3.43%). The investigation on the electron recombination of the devices by photovoltage decay shows that ZnSe2 based cell has a slightly higher τ n than ZnS2 (Figure 8(b) ), which is also demonstrated by the slower decay plot of ZnSe2 compared to ZnS (inset in Figure 8(b) ). This may explain the slightly higher V oc of the former. This result suggests that the ZnSe may be a more efficient passivation material than ZnS for suppression of electron recombination and facilitation of charge separation in QDSCs. 
Conclusions
This work has demonstrated clearly that the performance of CdSe/CdS QDs -sensitized solar cell could be significantly improved using ZnSe shell layer. The efficiency of the solar cells increased from 1.86% (with no coatings) to 3.99% using ZnSe2 shell layer (ZnSe2) owing to the significantly improved V oc and J sc .
The investigation of the charge transport in the photoanode by transient photovoltage decay and photocurrent spectroscopy has confirmed that the effective electron lifetime was improved up to 6 times with two layer of ZnSe coating compared to the cell without coating. In the meantime, it is found that the impact of the passivation layer on the electron diffusion coefficient of the solar cell was very small. As a consequence, the electron diffusion length of the device is expected to vary in the sequence of ZnSe2 > ZnSe3 > ZnSe1 > ZnSe0, consistent with the J sc and IPCE.
Therefore, it is believed that the enhanced electron diffusion length with ZnSe shell should be responsible for the enhanced J sc of the QDSC through increasing the charge collection efficiency of the device. However, further increase the thickness of the shell to ZnSe3 led to the reduced electron lifetime although the hole transport from QDs to polysulfide electrolyte of the ZnSe3 device was still very efficient. This suggests that thickness of the shell layer for type II alignment still needs to be carefully controlled for optimum device performance. In addition, comparing to the QDSCs using ZnS coating, the cell with ZnSe coating produced a better performance because of a lower electron recombination. It suggests that ZnSe may be a more efficient passivation material for QDSCs. 
